Direct sequencing of the mitochondrial displacement loop (D-loop) of shrews (genus Sorex) for the region between the tRNA pro and the conserved sequence block-F revealed variable numbers of 79-bp tandem repeats. These repeats were found in all 19 individuals sequenced, representing three subspecies and one closely related species of the masked shrew group (Sorex cineretrs cinereus, S. c. miscix, S. c. acadicus, and S. haydeni) and an outgroup, the pygmy shrew (S. hoyi). Each specimen also possessed an adjacent 76-bp imperfect copy of the tandem repeats.
Introduction
Analyses of mitochondrial DNA (mtDNA) sequences have proved to be a valuable tool in evolutionary studies. Important features of this molecule include its relatively rapid rate of mutation in vertebrates, its primarily maternal inheritance, and the absence of recombination ). The displacement loop ("D-loop") or "control region" accumulates nucleotide substitutions and undergoes deletions, insertions, and duplications faster than the remainder of the mtDNA genome ( Brown 1985 ) . Heteroplasmy associated with large-scale size variation that is due to varying numbers of tandem repeats in the mtDNA genome has been reported for a diverse group of organisms,, including scallops (La Roche et al. 1990) , Drosophila (Solignac et al. 1986 )) crickets (Rand and Harrison 1989) ) bark weevils (Boyce et al. 1989) , sturgeon (Buroker et al. 1990 ), Atlantic cod ( Arnason and Rand 1992) 
) whiptail lizards
Mol. Bid. Evol. 1 I( 1):9-2 1. 1994. 0 1994 by The University of Chicago. All rights reserved. 0737-4038/94/l IOI-0002$02.00 , rabbits (Mignotte et al. 1990 )) bats (Wilkinson and Chapman 199 1) , and monkeys (Hayasaka and Horai 199 1) . Size variation in the D-loop region (or the AT-rich region of insects) consisted of tandem repeats of relatively short DNA sequences of 20-470 bp. In scallops and weevils, the tandem repeats were of a much larger scale ( 1.4 kb and 0.8-8.0 kb, respectively) and included coding regions of the mtDNA genome.
Amplification of the D-loop region in shrews (genus Sorex) using the primers L15926 and H65 1 indicated that this region was longer ( -1.8-2.0 kb; authors' unpublished data) than had been commonly observed in other mammals . Because extra length variation originates near the tRNAP'" end of the D-loop in many species (e.g., see Buroker et al. 1990; Hayasaka et al. 199 1; Wilkinson and Chapman 199 1; Arnason and Rand 1992) , we sequenced this region and found an array of variable numbers of 79-bp tandem repeats. Herein, we examine the relationships within this array of tandem repeats, as well as their relationship to a shorter, 76-bp imperfect copy of the tandem repeats. This imperfect repeat directly flanks the 3' end of the tandem array adjacent to the central portion of the D-loop.
Our ultimate objective is to determine whether the D-loop region or portions thereof are appropriate for examining biogeographic and phylogenetic relationships within and among closely related species of shrews. A number of factors may affect the utility of D-loop sequence or restriction-fragment data for these purposes. First, the control region spans a range of degrees of conservation (Saccone et al. 199 1 ), which will dictate which portions may be used appropriately for analysis at different taxonomic levels. Second, length heteroplasmy in the D-loop region may be associated with tandem repeats and concerted evolution (i.e., the tendency for the elements of an array to become homogenized by reiterated rounds of duplication and deletion of repeats; Solignac et al. 1986 ). Depending on the processes involved, direct comparison of certain repeats or use of the number of repeats as a phylogenetic character may not be appropriate. Third, tandem repeats are often capable of forming secondary structures (e.g., see Buroker et al. 1990 ), and substitution rates may vary within these regions (Swofford and Olsen 1990) . For example, the tandem repeats found in bats contain a termination-associated sequence (TAS; Wilkinson and Chapman 199 1) . The TAS, which appears to signal the end of D-loop replication, is moderately conserved in mice, humans, pigs, and cows, despite considerable divergence in the surrounding sequences (Doda et al. 198 1; MacKay et al. 1986; Foran et al. 1988) .
To address these issues in shrew D-loop sequences, in the present paper we calculate rates of sequence divergence on the basis of interspecific genetic distances. We also examine the nature of the relationships among repeats both within and among genomes, in light of the fact that this region may be subject to concerted evolution.
Material and Methods

Specimens Examined
Specimens were collected to study evolutionary genetic relationships within the masked shrew species group (Stewart and Baker 1992; Stewart et al. 1993 
Sample Preparation
Total DNA was isolated from approximately 0.05-0.1 g of tissue macerated in 350 ~1 of buffer ( 100 mM NaCl, 25 mM EDTA, 20 mM Tris-HCl pH 8.0). To this homogenate, 40 ~1 of 10% SDS and 6 ~1 Proteinase K ( 10 mg/ml) were added. This mixture was rotated in a sealed 1.5-ml microcentrifuge tube overnight at 55°C. Proteins were removed with two rinses of 0.5 ml Trissaturated phenol; each rinse consisted of 5 min of slow rotation followed by brief centrifugation.
The aqueous phase containing total DNA was further purified either by ethanol precipitation or with Centricon microconcentrators (Amicon, Danvers, Mass.; two washes with approximately 1.5 ml sterile ddH*O, spun down at 5,500 r-pm for 20 min).
Primer Design and Sequencing
An L-primer specific to Sorex was designed by first amplifying and sequencing with the versatile primers (L15926 and H65 1) of Kocher et al. ( 1989) . The amplification protocol was standard-i.e., Taq polymerase   and amplification buffer ( Promega, Madison ) . Amplification was carried out using the polymerase chain reaction in a Per-kin-Elmer-Cetus thermal cycler (Norwalk, Conn.) for 34 cycles of 93°C for 45 s, 50°C for 1 min, and 72°C for 3 min. To reduce nonspecific primer an-nealing, the reaction mixture was heated to 80°C for 3 min prior to the addition of the template. Doublestranded sequencing was performed by the dideoxy chain-termination method of Sanger et al. ( 1977) . Template DNA was denatured by boiling for 10 min. The reaction tube was immediately transferred to ice for primer annealing.
The remaining protocol, using Sequenase 2.0 (United States Biochemical), followed the manufacturer's instructions. By comparing sequence of several species of Sorex and two mole species, Neurotrichus gibbsii and Condylura cristata, a conserved sequence in the region coding for the tRNAPro was identified. From this we designed the following 22-mer primer, tRNA Pro: 5'-CCCCACCATCAGCACCCAA-AGC-3', which was very similar to the tRNAPro (P) primer Wilkinson and Chapman ( 199 1) designed for evening bats. We also selected a 20-mer H-primer sequence from conserved sequence block-F (Southern et al. 1988 ); CSB-F: 5 '-AGCGGGTTGCTGGTTTCACG-3 '. Double-stranded product was amplified using the shrew-specific tRNA Pro L-primer and the CSB-F Hprimer in 50-~1 reaction volumes according to the protocol described above, with the following segment modifications: 42 cycles of 93°C for 45 s, 58°C for 1 min, and 72°C for 2 min. Product was concentrated to a final volume of 10 ~1 and then visualized on and excised from a 1.5% low-melting-agarose gel ( Nusieve; FMS BioProducts, Rockland, Maine). Band sizes varied from -700-900 bp. DNA was purified from excised agarose bands using glass beads (GENE CLEAN; Bio 10 1, La Jolla, Calif.). DNA was eluted in a total volume of 15 ~1 of sterile ddHzO. Seven microliters of this purified, concentrated, double-stranded product was sequenced with the shrew-specific tRNAPro and CBS-F primers by using a Circumvent Thermal Cycle Dideoxy DNA Sequencing Kit (New England BioLabs, Beverly, Mass.). Radioactively labeled DNA was separated in a 5.0% Long Ranger acrylamide gel (J. T. Baker Inc., Phillipsburg, N.J.) with 0.6 M Tris borate-EDTA running buffer. Dried acrylamide gels were exposed to X-ray film for 24-48 h. Sequence was entered and aligned in the sequence editor, ESEE (Cabot and Beckenbach 1989) . A schematic diagram of the region sequenced and the terminology we use to describe it are represented in figure 1. Consistent with the system used by Buroker et al. ( 1990) ) numbering of the tandem repeats starts from the end adjacent to the central portion of the D-loop and increases in the direction of the tRNA Pro. Data for the imperfect repeat and tandem repeats numbers 1 and 2 were obtained by sequencing in from the CSB-F Hprimer. Data for the unique sequence region that lacked repeats and the two tandem repeats at the tRNAPro end of the array (i.e., numbers 4 and 5 in the five-repeat arrays or numbers 6 and 7 in the seven-repeat arrays) were obtained by sequencing in from the tRNAPro primer. Because of the length of the fragment being sequenced and the high A-T ratio, A and T lanes beyond about 325 bp could not be scored reliably in all specimens. Therefore, in the five-repeat arrays, repeat number 3 (or repeat numbers 3, 4, and 5 in the seven-repeat array) were excluded from the following analyses.
Secondary Structure
The tandem repeats and the imperfect repeat are capable of forming secondary structures. The free energy associated with the formation of stem-loop structures was assessed by the method of Zuker and Stiegler ( 198 1) using the RNAFOLD program in PCGENE (Intelligenetics, Geneva).
Levels of Sequence Divergence
We compared levels of genetic divergence for each of the following three regions of the D-loop: the nonrepeat sequence, the fifth tandem repeat, and the imperfect repeat. Genetic distances were calculated between each of the masked shrew taxa (S. cinereus cinereus, S. c. acadicus, S. c. miscix, and S. haydeni) and the outgroup pygmy shrew (S. hoyi) for each of these three regions. The genetic distance for all three regions combined was also calculated in order to estimate sequence divergence between the masked shrew taxa and the pygmy shrew. Sequence data from the hypervariable region adjacent to the array of tandem repeats was not included in these calculations, because large indels make alignment difficult either by eye or by computer algorithm (Swofford and Olsen 1990) .
A generalized two-parameter model was used to calculate genetic distances using the maximum-likelihood option in the DNADIST program in PHYLIP (Felsenstein 1989 ). This approach accounts for different rates of transition versus transversion substitution as well as for unequal frequencies of the four nucleotides in the sequences being compared ( Swofford and Olsen 1990) .
Confidence limits on these distances were determined from 100 delete-half jackknife replicates ( Wu 1986). For each replicate, half of the characters (i.e., base pairs) were randomly deleted from the data set, and the maximum-likelihood distance between the two sequences (pseudovalues) was recalculated. For the statistic of interest (in this case, mean genetic distance), the distribution of 100 pseudovalues calculated from the jackknifed data sets represents the distribution of the sampling variance. These values can be used to estimate the mean and standard error ( Felsenstein 1988 ) .
Relationships among Repeats within Genomes
For comparison with Wilkinson and Chapman's ( 199 1) analysis of tandem repeats in bats, we calculated the distance among all pairs of neighboring repeats within an individual genome to assess the degree of homogenization and to determine whether repeat position affected the extent of similarity between neighboring repeats. The imperfect repeat was included in these calculations. As this analysis is a measure of within-genome variability, it was performed on all 19 individuals.
Relationships among Repeats Both within and among Genomes
As a heuristic approach to investigate the relationships of the tandem repeats within and among genomes of the masked shrew group, we considered each repeat as a separate operational taxonomic unit (OTU ). We conducted a maximum-parsimony analysis in PAUP 3.0 ( Swofford 1990 ) using the pygmy shrew as an outgroup. To reduce the magnitude of the data set, all identical repeats were classified as a single OTU. As is common for nucleotide sequence analyses (Swofford and Olsen 1990) ) character state changes were unordered. Weighting transversions more than transitions did not affect tree topology, and thus we did not employ weighting. Gaps were treated as an additional character state. Ten heuristic searches were conducted with random sequence addition in an attempt to find the shortest tree.
Results
General Patterns of Sequence Variation
The length of the amplified fragment varied from approximately 700 bp in eastern masked shrews to 750 bp in almost all western masked and prairie shrews. This length variation was due to indels in the unique sequence region. The two exceptions were one specimen of S. c. miscix from eastern Quebec that had a large fragment of approximately 900 bp and one specimen of S. c. cinereus from Quebec City that was heteroplasmic for both small-sized ( -700-bp) and large-sized ( -900-bp) fragments. All individuals possessed at least five copies of a 79-bp sequence repeated in tandem ( fig. 1 ). They also all possessed a shorter, 76-bp imperfect copy of a tandem repeat. This shorter, imperfect repeat flanked the array of tandem repeats at the 3' end adjacent to the central portion of the D-loop region. The two length variants found in the heteroplasmic individual from eastern Quebec differed only in the number of tandem repeats they contained, corresponding to five and seven tandem repeats, respectively.
The length of the unique sequence region between the 3' L-strand tRNA Pro primer and the array of repeats varied by as much as 40 bp among taxa within the masked shrew species group ( fig. 2) . A possible alignment of the most variable region is presented here to facilitate visualization of the length differences between these taxa. Because of the large indels present in this region, the portion beyond the homopolymer run of adenosine nucleotides ( fig. 2 ) was excluded from the genetic-distance calculations. Eastern Canadian masked shrews from Ontario (CIN 347), southern Quebec (CIN 1006), eastern Quebec (MISC 1014 and 1015), Nova Scotia (ACAD 528, 596, and 026), and New Brunswick (ACAD 1063,7 10, and 72 1) all lacked -37 bp of sequence compared with the prairie shrews and the outgroup pygmy shrew ( fig.  2 ). Masked shrews from Michigan (CIN 5787 and 6828) and Alberta (CIN 447 and 448) all possessed major portions of this sequence but differed by -14 bp from the two longer prairie shrew sequences (HAYD 471 and 472). One specimen that was identified morphologically as a prairie shrew (HAYD 42 1; Stewart et al. 1993 ) possessed a shorter haplotype, such as that found in the masked shrews from Alberta and Michigan.
Thirteen base pairs upstream from the major indel was a run of adenosine nucleotides that numbered from four to seven in the masked shrew haplotypes and eight in the anomalous prairie shrew ( HAYD 42 1). The two other prairie shrews also have an 8-bp run, but they differ in their sequence, relative to the prairie shrew, by one transition (adenosine to guanine) and by two transversions (adenosine to thymine; fig. 2 ). These adenosine nucleotides are associated with a TAS. Variable numbers of adenosine nucleotides were responsible for much of the intra-and interspecific length variation found in each TAS (e.g., see fig. 7 in Foran et al. 1988) .
The imperfect repeat is only present once in each mitochondrial genome and is clearly homologous in all specimens ( fig. 3) . In light of their general sequence similarity and the presence of a TAS in both the imperfect repeat and the tandem repeats, these two regions are possibly paralogous. Tandem repeats flanked by an imperfect repeat are also found in the shrew genus Blarina (authors' unpublished data), suggesting that the du- MISC1015  CIN1006  CIN347  CIN5787  CIN6828  CIN370  CIN447  CIN448  HAYD421  HAYD471  HAYD472  HOY1494   ACAD  ACAD  ACAD  ACAD  ACAD  ACAD  MISC1014  MISC1015  CIN1006  CIN347  CIN5787  CIN6828  CIN370  CIN447  CIN448  HAYn421  HAYD471  HAYD472  HOY1494 b TCTCAC-TTC  TCTCAC-TTC  TTCCAC-TTC  TTCCAC-TTC  TTCCAC-TTC  TTCCAC-TTC  TTACCCATTC  TTACCCATTC 
sequence from the unique sequence region of 19 specimens, including three subspecies of the masked shrew species complex (Sorex cinereus cinereus, S. c. acudicus, and S. c. miscix), the closely related prairie shrew (S. haydeni), and the outgroup pygmy shrew (S. hoyi). The sequence presented is 5' to 3' for the L-strand between the tRNA Pro coding region and the 5' end of the array of tandem repeats. A superscript "a" indicates nonrepeat sequence of both fragments of this heteroplasmic individual. A superscript "b" marks the region of the variable numbers of adenosine nucleotides. Gaps are indicated by a dash. See table 1 for a key to the specimens. t-na-tgtacta ---tgtac gatcaataatataatgtatna tgtaatattaaggatttaat gtacatgcttatatgcatg tggaatataatagaatgtac gatatac-atagaatgtataa tgtactattaaaaataatat gtacatgcttatatgcatg tggaatataatagaatgtac gatatac-atagaatgtataa tgtactattaaaaataatat gtacatgcttatatgcatg tggaatataatngaatgtac gatatac-atagaatgtataa tgtactattaaaaataatat gtacatgcttatatgcatg tggaatataatngaatgtac gatatac-atagaatgtataa tgtactattaaaaataatat gtacatgcttatatgcatg t-ga-tgtacta---tgtac gatcaataatataatgtatna tgtaatattaaggatttaat gtacatgcttatatgcatg tggaatataatagaatgtac gatatac-atagaatgtataa tgtactattaaaaatagtat gtacatgcttatatgcatg tggaatataatagaatgtac gatatac-atagaatgtataa tgtactattaaaaatagtat gtacatgcttatatgcatg tggaatataatagaatgtac gatatac-atagaatgtataa tgtactattaaaaataatat gtacatgcttatatgcatg tggaatataatagaatgtac gatatac-atagaatgtataa tgtactattaaaaataatat gtacatgcttatatgcatg t-ga-tgtncta---tgtac gatcaataatataatgtatna tgtaatattaaggatttaat gtacatgcttatatgtatg tggaatatagtttaatgtac gatatac-atagaatgtataa tgtactattaaaa-tagtat gtacatgcttatatgcatg tggaatatagtttaatgtac gatatac-ataaaatgtataa tgtactattaaaa-tagtat gtacatgcttatatgcatg tggaatatagtttaatgtac gatatac-ataaaatgtataa tgtactattaaaa-tngtat gtacatgcttatatgcatg tggaatatagtttaatgtac gatatac-ataaaatgtataa tgtactattaaag-tngtat gtacatgcttatatgcatg t-ga-tgtacta---tgtac gatcaataatataatgtatna tgtaatattaagaatttaat gtacatgcttatatgtatg tggaatatagtttaatgtac gatatac-atagaatgtataa tgtactattaaaa-tagtat gtacatgcttatatgcatg tggaatatagtttaatgtac gatatac-ataaaatgtataa tgtactattaaaa-tagtat gtacatgcttatatgcatg tggaatatagtttaatgtac gatatac-ataaaatgtataa tgtactattaaaa-tngtat gtacatgcttatatgcatg tggaatatagtttaatgtac gatatac-ataaaatgtataa tgtactattaaag-tngtat gtacatgcttatatgcatg t-ta-tgtacta ---tgtac gatcaataatataatgtatta tgtaatattaaggatagtat gtacatgcttatatgcatg tggaatagaatagaatgtac gatatac-atagaatgtaaaa tgtactattaagagtagtat gtacatgcttatatgcatg tggaatagaatagaatgtac gatatac-atagaatgtaaaa tgtactattaagagtagtat gtacatgcttatatgcatg tggaatagaatagaatgtac gatatac-atagaatgtaaag tgtactgttaaaagtaatat gtacatgcttatatgcatg tggaataaaatagaatgtac gatatac-atagaatgtaaaa tgtactgttaaaagtaatdt gtacatgcttatatgcatg plication event leading to the origin of these sequences may have occurred early in the history of this family or earlier.
t-ga-tgtacta---tgtac
Secondary Structure and Homology of TAS As in evening bats (Wilkinson and Chapman 199 1)) the energetically most favored secondary structure formed by a repeat consisted of a long stem with a short terminal loop (fig. 4) . While the free energy associated with the formation of the stem-loop structure of a single repeat was approximately -15 to -20 kcal/ mol, multiple tandem repeats could form a single structure with even greater free energy. Mutational hotspots in the repeats are indicated by arrows in the alignment of repeats ( fig. 3 ) and in the secondary-structure diagram ( fig. 4) where these hotspots correspond to bulges (i.e., noncomplementary stretches in the secondary structures).
The terminal loop of the repeats Contained the sequence 5 '-ACATTATAC-3 ' ( 5 '-ACATTTTAC-3 ' in S. hovi) which was 89% similar to a TAS sequence found in mice (Doda et al. 198 1) and 67% similar to the bat TAS (Wilkinson and Chapman 199 1) . In the unique sequence region where the variable numbers of adenosine residues occurred, there was 73% similarity between the most common shrew sequence (S'-ACACAAAA-ATCTAAC-3') and the human TAS (5'-ACATAAAA-ACCCAAT-3'; differing by only four transitions).
There was also 73% similarity to a TAS in mice (5'-ACA-TAAATCAAT-3 '; Doda et al. 198 1) .
Levels of Sequence Divergence
Among the specimens of the masked shrew species group, there were significant differences in sequence divergence among the three regions of sequence considered here ( fig. 5 ). The first repeat was the most conserved, followed by the tandem repeat, and then the unique sequence region. The range of values for sequence divergence calculated over all regions between the closely related masked shrew taxa and the outgroup pygmy shrew was 0.15 + 0.03 to 0.20 + 0.03 substitutions/bp ( fig. 5 ).
Relationships among Repeats within and among Genomes
Within genomes, the largest genetic distance was between the imperfect repeat and the adjacent tandem repeat (fig. 6 ). The mean genetic distance between the remaining pairs of repeats was considerably smaller ( fig. 6 ). All repeats within the tandem array were identical or differed by unique substitutions (autapomorphies) in one-third of the masked and prairie shrews. In several other individuals, two or three repeats were either identical or again differed by an autapomorphy.
The repeats generally grouped together by region or taxonomic affinity ( fig. 7) . For example, all the repeats from the two typical prairie shrews (i.e., HAYD 47 1 and 472) grouped together, most of the repeats from the S. c. acadicus subspecies group together, and the repeats from specimens from Alberta grouped together. These major clades pygmy shrew (5'. hoyi) appear to have diverged around 0.7-0.9 Mya (Kurten and Anderson 1980) . This period, which corresponds to the Kansan glaciation and early Yarmouthian interglacial, was a time of extensive radiation in the subgenus Otisorex (Findley 1955; George 1988) . To calculate the approximate range of r values, we should (a) divide the smallest d value by twice the longest estimate of T and (b) divide the largest d value by twice the shortest estimate of T. This results in an interspecific estimate of the divergence rate, Y, of 8.3%-14.3%/Myr for this region of the D-loop in shrews.
A variety of mtDNA divergence-rate estimates exist for several mammalian taxa, but none appear to be as high as those reported here for shrews. For two hypervariable portions of the D-loop, Vigilant et al. ( 1989, 199 1) found high rates of interspecific divergence in primates, in the range of 8.4%-17.3% /Myr (assuming a time of divergence of 4-6 Myr and using corrected percent divergence values of 42% and 69.2%, respectively). They did not include "2" in the denominator (which represents divergence occurring along two lineages), which reduces their estimates of Y to 4.2%-8.7%/Myr. In contrast, Hoelzel et al. ( 199 1) maintained that the whole D-loop does not diverge more than other regions of the mtDNA genome. They presented interspecific Dloop rates for rodents and primates of OS%-1 .O%/Myr (on the basis of data of Foran et al. 1988 and Brown et al. 1986 , respectively) and compared these values with their own estimate of OS%/Myr for cetaceans. They also found that the left and right domains of the D-loop in cetaceans diverged roughly 3-7 times more rapidly than the conserved central portion. Even when more rapid W were present in the 50%-majority-rule consensus trees !$ o.40 generated by each of 10 random-addition heuristic i searches. However, this analysis provides little inforu 0.30 mation regarding the relationships among major clades, p in light of the large number of polytomies present. substitution in hypervariable portions of the cetacean D-loop is corrected for, shrews have a higher rate of divergence.
In addition, our genetic distances considerably underestimate the true level of divergence, as we could not include sequence from the most variable region where alignments were problematic. Neither the primate nor cetacean sequences contained such extensive length variants (Vigilant et al. 1989; Hoelzel et al. 199 1) as those reported here.
Several hypotheses have been proposed to explain heterogeneity of rates of substitution. These include generation-time effects ( Wu and Li 1985)) DNA repair efficiency (Britten 1986) ) and metabolic rate (Martin et al. 1992) . Most recently, Martin and Palumbi ( 1993) have demonstrated a strong relationship between substitution rate and body size, and the latter is strongly correlated with both metabolic rate and generation time. These authors used multiple regression analysis to try to separate the effect of generation time and metabolic rate. They concluded that these two factors may have a synergistic effect, but they also found examples of rate heterogeneity when metabolic rate could explain the observed pattern but generation time could not.
Both metabolic rate and generation time may induce high rates of mutation in shrews. Shrews are among the smallest mammals and have a high weightspecific metabolic rate ( McNab 199 1) . High metabolic rate may affect substitution rate by increasing the concentration of mutagenic oxygen free radicals in the body relative to species with slower metabolisms (Adelman et al. 1988; Joenje 1989) . Shrews rarely survive beyond 18 mo, suggesting that this may be due to the accumulation of DNA damage induced by oxygen free radicals ( Adelman et al. 1988) . Shrews have a short generation time of about 1 year (van Zyll de Jong 1983). The reasoning behind the generationtime hypothesis is that, if species accumulate mutations during replication and have roughly the same number of cell divisions per generation, then species with short generation times will accumulate more mutations per year ( Martin and Palumbi 1993 ) . In contrast to the above hypotheses, Rand ( 1992) discussed the possibility that high rates of insertions, deletions, and point mutations in mtDNA may be associated with arrays of variable numbers of tandem repeats, but the mechanism by which this could occur has not been identified. In crickets (genus Gry/lus), these indels could be used as population markers as well (Rand 1992) . This is also true for shrews. In the hypervariable part of the unique region 5' to the tandem array, shrews from central and eastern Canada lack 37 bp of sequence compared with shrews from western Canada and Michigan ( fig. 2 ) . These haplotypes are an additional 14 bp shorter than the corresponding hypervariable region in prairie shrews. In addition, these indels allowed us to detect an mtDNA haplotype characteristic of masked shrews (e.g., CIN 448) in one prairie shrew (HAYD 42 1)) suggesting introgression of mtDNA from one species into another.
The relative conservation of the TAS sequences in shrews is in sharp contrast to the rapid rate of mutation in the hypervariable portion of the unique sequence region. Despite differences in the primary sequence surrounding the TAS, the tandem repeats of shrews are capable of forming secondary structures similar to those found in bats (Wilkinson and Chapman 199 1) . Several other species (e.g., human, mouse, rat, and cow) also form secondary structures associated with TAS elements, which are believed to be involved in signaling the end of D-loop synthesis (Saccone et al. 1987) . As in mice, however, the TAS elements are associated both with regions that do not form secondary structure and with those that do (Doda et al. 198 1) . Although it is apparently the primary sequence of the element which is an essential signal to stop synthesis, the association of the TAS with secondary structures in numerous species suggests an adaptive function as well (Saccone et al. 1991) . . Identical repeats were grouped together to reduce the total number of OTUs. Information in each OTU label reads as follows: repeat number, taxon name, and specimen number. The pygmy shrew (Sorex hoyi) was chosen as an outgroup. With transitions and transversions weighted equally, the total length of the tree was 26 steps. The tree presented is the 50%majority-rule consensus of 276 equally parsimonius trees. The consistency index (uninformative characters were ignored) for each ofthe most parsimonius trees was 0.6 15, and the retention index was 0.9 13. Numbers represent the percent occurrence of these clades among the 276 trees examined. al. 199 1) ; however, this may be a function of the small sample we examined. Buroker et al. ( 1990) proposed a mechanistic model for the maintenance of heteroplasmy in the D-loop region. Specifically, an increase in repeat number will occur if a repeat in the D-loop strand ( 1) forms a secondary structure, (2) successfully competes with and displaces the H-strand for pairing with the L-strand, and (3) is extended into the nascent H-strand by replication ( fig.  4a in Buroker et al. 1990) . As noted by Wilkinson and Chapman ( 199 1 ), the model proposed by Buroker et al. implies that copying always occurs in one direction (i.e., upstream relative to their original position in the array).
Deletions of repeats can occur if both H-and L-strands form secondary structures resulting in a cruciform shape and if a small D-loop strand is extended into the nascent H-strand ( fig. 4b in Buroker et al. 1990 ). Buroker et al.'s ( 1990) competitive displacement model is also a model of concerted evolution (sensu Solignac et al. 1986 ), as it accounts for the homogenization of an array of repeats by a process of duplication and deletion. If the repeats within an array have evolved independently after their initial appearance, then divergence within an array should be similar to divergence among arrays (Solignac et al. 1986) . A high rate of concerted evolution within genomes is indicated in shrews by the small mean genetic distance between neighboring tandem repeats ( fig. 6 ) compared with the relatively large divergence between similarly positioned repeats in different species (fig. 5 ) . Consistent with this is the observation that the elements of the tandem array are identical or differ by autapomorphies in one-third of the masked and prairie shrews examined, and several other individuals have two or three repeats that are identical or which differ by autapomorphies ( fig. 7 ). Also supporting a high rate of duplication/deletion is the presence of a heteroplasmic individual from Sept Isles, Quebec, with two length variants that differ only in the number of tandem repeats they contain. Buroker et al. ( 1990) presented three predictions associated with their model: ( 1) there must be a minimum of three repeats in a heteroplasmic individual; ( 2) the first and last copies in the repeat array could diverge; and (3) the central repeats evolve in a concerted manner. In the smallest sturgeon mtDNA haplotypes, there are three types of repeats -a central repeat that is duplicated in heteroplasmic individuals and two imperfect copies that flank the central repeat (Brown et al. 1992) . Bats and shrews all possess more than three repeats, which is consistent with the first prediction of the model. However, shrews only possess two distinct, though clearly related, types of repeats (which we distinguish as the tandem repeats and the imperfect repeat). Although this distinction is not made by Wilkinson and Chapman ( 199 1)) repeat number 6 in bats is probably analogous to the imperfect repeat in shrews for two reasons. First, there is considerable genetic divergence between repeat number 6 and its neighbor, compared with the average distance between other pairs of repeats (e.g., see fig. 8 in Wilkinson and Chapman 199 1) . Similarly, the imperfect repeat in shrews is highly divergent from its neighboring tandem repeat ( fig. 6 ). Second, repeat number 6 in bats has several different nucleotides either fixed or present in very high frequency compared with those common to the other five repeats. This suggests mologous among bats. Similarly, in shrews, the imperfect repeat is directly homologous in all specimens, as it consistently differs from the slightly longer tandem repeats by several deletions and substitutions.
Three distinct yet similar sequences may not be essential to the model of Buroker et al. ( 1990) . Once a duplication event occurs in the history of a lineage and two sequences are produced that are capable of forming secondary structures, the generation of additional repeats by competition between the D-loop strand and the Hstrand and misalignment with the L-strand should be possible (Hayasaka et al. 199 1) . Because copying of repeats proceeds in one direction only, the repeat on the tRNAP'" end of the array may be duplicated, but it and its array of copies can diverge from the repeat on the other end (adjacent to the central portion of the D-loop), which is apparently never copied. Other mechanisms or slight modifications of the competitive displacement model must exist as an array of tandem repeats if the D-loop of cod fails to meet several of the criteria of Buroker et al.'s model (see Arnason and Rand 1992) .
Phylogenetic Implications
At the population level, tandem repeats in shrews did not always cluster exclusively within a given subspecies or even species ( fig. 7 ) . Two factors may be responsible for this observation.
The first is gene flow between populations.
Several studies (George 1988; van Zyll de Jong 199 1; Stewart and Baker 1992; Stewart et al. 1993 ) have hypothesized a Wisconsin origin for the taxa in the masked shrew species group in separate glacial refugia. In light of this scenario, these taxa would have come into secondary contact after the retreat of the Wisconsin glaciers. In this event, sequence data from the repeats and the nonrepeat region will be valuable in tracing migration events across subspecific or specific boundaries. The second factor affecting clustering of repeats may be a substitutional bias. The majority of substitutions within the tandem repeats occur in bulges associated with secondary structure (figs. 3 and 4). Because back mutations may be problematic for making phylogenetic inferences, data from bulge regions should be excluded from analyses at higher taxonomic levels.
The imperfect repeat is clearly homologous in all individuals and can therefore be used in phylogenetic studies. In shrews, it appears that the last tandem repeat is frequently copied, in light of the low mean divergence between pairs of tandem repeats and the complete identity of the array of tandem repeats in several individuals ( fig. 7) . If the rate of concerted evolution is so high that repeats within a genome are completely homogenized, then repeats among genomes may be compared as though there was only a single copy present (Hillis and that repeat number 6 is directly (i.e., positionally)
hoDavis 1988; Sanderson and Doyle 1992). As not all tan-dem arrays are completely homogenized in shrews, one repeat from each array should be taken as representative. The last tandem repeat appears most likely to be homologous among individuals.
There is evidence that in bats the two repeats on either end of the array (analogous to the last tandem repeat and the imperfect repeat in shrews) are less likely (if ever) to be deleted compared with the central repeats (Wilkinson and Chapman 1991) .
A reduced rate of deletion of the last repeat may be due to the production of short D-loop strands (which may terminate beyond any of the TAS elements; Doda et al. 198 1) . Short D-loop strands may not be long enough to compete for L-strand alignment at the tRNAPro end of the array. Similarly, if a long D-loop strand is formed, it may be shortened by the formation of stem-loop structures that might prevent it from interacting with the last tandem repeat of the H-strand. In phylogenetic analyses, then, the imperfect repeat and the last tandem repeat appear to be the most appropriate for reconstructing relationships.
In light of the fact that the tandem repeats are only 79 bp long and the imperfect repeat is 76 bp long, they are clearly not sufficient by themselves for phylogenetic reconstruction.
Our interest is whether they may be included in larger data sets, and the evidence presented here and in Wilkinson and Chapman ( 199 1) suggests they can be used for this purpose.
